At the low temperatures (approx. 10 K) and high densities (approx. 100 000 H 2 molecules per cm −3 ) of molecular cloud cores and protostellar envelopes, a large amount of molecular species (in particular those containing C and O) freeze-out onto dust grain surfaces. It is in these regions that the deuteration of H + 3 becomes very efficient, with a sharp abundance increase of H 2 D + and D 2 H + . The multi-deuterated forms of H + 3 participate in an active chemistry: (i) their collision with neutral species produces deuterated molecules such as the commonly observed N 2 D + , DCO + and multideuterated NH 3 ; (ii) their dissociative electronic recombination increases the D/H atomic ratio by several orders of magnitude above the D cosmic abundance, thus allowing deuteration of molecules (e.g. CH 3 OH and H 2 O) on the surface of dust grains. Deuterated molecules are the main diagnostic tools of dense and cold interstellar clouds, where the first steps toward star and protoplanetary disc formation take place. Recent observations of deuterated molecules are reviewed and discussed in view of astrochemical models inclusive of spin-state chemistry. We present a new comparison between models based on complete scrambling (to calculate branching ratio tables for reactions between chemical species that include protons and/or deuterons) and models based on non-scrambling (proton hop) methods, showing that the latter best agree with observations of NH 3 deuterated isotopologues and their different nuclear spin symmetry states.
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H + 3 and its deuterated forms in dense molecular clouds
In dark molecular clouds, where interstellar UV photons cannot penetrate, the medium is kept partially ionized by the continuous and unimpeded passage of cosmic rays. This ionization is crucial for the dynamical [1] and chemical [2] evolution of molecular clouds, which are threaded by magnetic fields and filled with sub-micrometre-sized dust particles. Cosmic rays ionize the most abundant molecule, H 2 (e.g. [3, 4] ), and the main product of this ionization, H + 2 , readily reacts with another H 2 molecule to form the most important molecular ion in astrochemistry: H + 3 [5] , first detected spectroscopically in the laboratory by Oka [6] and, 16 years later, in space by Geballe & Oka [7] . H + 3 can easily cede a proton to atoms such as C and O, initiating the path toward molecular complexity [8] , and it is the main tracer of cosmic-ray ionization rate in the interstellar medium (e.g. [9] ).
Typical gas temperatures of molecular clouds are between 10 and 15 K (e.g. [10] ) and, in these conditions, the reaction between H + 3 and HD becomes important [11, 12] , producing H 2 D + and enhancing the H 2 D + /H + 3 abundance ratio. More precisely, the following exothermic reactions are at work [13, 14] :
where the symbol p or o in front of species i indicates the para or ortho form of i, while o/p means that all combinations (ortho or para) are possible (see Hugo et al. [15] for more details on the exact selection rules). The above reactions are the starting point of deuterium fractionation in cold (T < 30 K) gas, as H 2 D + can cede a deuteron to abundant neutral species (e.g. CO and N 2 ), producing deuterated molecular ions (e.g. DCO + and N 2 D + ) which are crucial tracers of physical conditions in dense and cold regions of interstellar clouds (e.g. [16, 17] ), the so-called dense cores [18] , within which stars and planets form [19, 20] . If the H 2 number densities of dense cores exceed a few ×10 4 cm −3 , CO molecules begins to 'catastrophically' freeze-out on dust grains, significantly reducing the CO fractional abundance in the gas phase (e.g. [21] ). This implies a reduced destruction rate for both the H + 3 and H 2 D + molecular ions, which further boosts deuterium fractionation [22] . Indeed, the strongest ground-state line of ortho-H 2 D + was detected toward one of the the most dynamically evolved and thus centrally concentrated starless core, L1544 in the Taurus Molecular Cloud [23, 24] , where the CO freeze-out and deuterium fractions are also large compared to other less evolved starless cores [25] . The central temperature of L1544 is 6 K [26] . para-D 2 H + has also been detected toward two starless cores in the Ophiuchus Molecular Cloud: 16293E [27] and H-MM1 [28] . The importance of these observations is twofold: on the one hand, they point out that multi-deuterated forms of H + 3 have to be included in astrochemical models to reproduce observations (e.g. [29] ); on the other hand, they allow us to gain understanding of interstellar chemical processes by providing a test for theoretical predictions.
The detection of ortho-H 2 D + and para-D 2 H + in cold regions in the early 2000s prompted the revival of chemical models inclusive of deuterium and spin-state chemistry, first discussed in [13] , as well as fundamental laboratory and theoretical work on state-to-state thermal rate coefficients for reactions of all H + 3 + H 2 isotopic variants [15] . The new astrochemical models initially assumed complete freeze-out of species heavier than He [30] [31] [32] ; then complexity increased to include heavier species, in particular N-bearing molecules such as NH 3 [38] and Harju et al. [39] . The red curves are the lines predicted from the radiative transfer applied to a model cloud with number density and temperature profiles appropriate for IRAS 16293-2422 and with molecular abundance profiles predicted by Sipilä et al. [35, 37] chemical codes, where spin-state chemistry is followed in detail. The energy levels in the centre of the figure schematically show the four ground-state transitions of the four H + 3 isotopologues.
their deuterated forms [33, 34] , which have been found to maintain large abundances toward the CO-depleted regions of starless cores (e.g. [16, 26] ). Current chemical models inclusive of spinstate chemistry follow the time-dependent evolution of hundreds of species in the gas-phase and on the surface of dust grains (e.g. [35, 36] ), and even the spin-state chemistry in reactions involving molecules with multiple deuterons [37] , providing detailed predictions for observations. The first detailed comparison between model predictions for the various H + 3 isotopologues and observations has been carried out in the direction of a very young stellar object, still embedded in the parent cloud with physical and chemical characteristics similar to those of evolved starless cores (IRAS 16293-2422; [38, 39] ). The ortho-H 2 D + and para-D 2 H + ground-state lines have frequencies centred at 372.4 GHz and 691.7 GHz, respectively, and they can be both observed with the Atacama Pathfinder Experiment (APEX). The ground-state lines of para-H 2 D + at 1.37 THz and of ortho-D 2 H + at 1.48 THz, required the Stratospheric Observatory for Infrared Astronomy (SOFIA) to be detected. Brünken et al. [38] used APEX and SOFIA to detect both the ortho and para forms of H 2 D + toward IRAS 16293-2422. This provided the first detection of para-H 2 D + at 1.37 THz and the first measurement of the ortho-to-para ratio of H 2 D + , linked to the ortho-to-para ratio of H 2 [15] , important to put constraints on the cloud chemical age. Toward the same source, Harju et al. [39] also detected for the first time ortho-D 2 H + at 1.48 THz with SOFIA. Using the chemical models from Sipilä et al. [35, 37] , coupled with the physical structure of the source, the predicted and observed line intensities of all the H + 3 isotopologues observed toward IRAS 16293-2422 are reported in figure 1 , showing the good agreement between models and observations. This study also established that rotational excitation of the reactant species needs to be taken into account when computing rate coefficients, particularly important for protostellar envelopes such as that surrounding IRAS 16293-2422 [39, 40] , typically denser and slightly warmer than starless cores. The large abundance of deuterated H + 3 isotopologues in cold and dense gas also accounts for the predicted large atomic D/H ratio in the gas phase, as a copious amount of D atoms is produced by the dissociative recombination of H 2 D + , D 2 H + and D + 3 . Large D/H ratios in cold and dense regions, where CO molecules are mainly frozen onto the surface of dust grains, lead to the huge (13 orders of magnitude!) deuterium fraction measured in CH 3 OH, as D atoms compete with H atoms in the deuteration/hydrogenation of solid CO (e.g. [20, 41] ), and explains the different levels of D-fractions measured in organics and water, similar to that found in our Solar System [42, 43] . A detailed knowledge of the chemistry regulating deuterium fractionation is important to be able to use molecules as powerful diagnostic tools in star and planet forming regions, and to unveil the chemical/dynamical history of our Solar System.
Deuteration of ammonia in quiescent dense clouds
As already mentioned in §1, ammonia is a great tracer of dense and cold clouds (e.g. [18] ). Ammonia deuteration follows that of H + 3 . Singly, doubly and triply deuterated forms of ammonia have been detected in space (e.g. [44] and references therein), and they are known to be good tracers of physical conditions in dense clouds, preferentially tracing the cold and CO-depleted centres of evolved starless cores (e.g. [26] ), where future stellar systems will form. Sipilä et al. [37] built a chemical model where all the deuterated forms of ammonia and their spin states are followed as a function of time and physical conditions. In this model, the different nuclear spin symmetry states of molecules containing two or more H and/or D nuclei are treated as separate species. Symmetry rules are applied in the context of the complete scrambling assumption to calculate branching ratio tables for reactions between chemical species that include multiple protons and/or deuterons (up to 6 H/D atoms), following permutation symmetry algebra [15, 45] . The model predictions showed that the abundances of the various NH 3 deuterated isotopologues, the ortho-to-para abundance ratios of NH 2 D and NHD 2 , the meta-to-ortho and meta-to-para abundance ratios of ND 3 are very sensitive to variations in volume densities and temperatures; thus, one could use observations of the above species to put stringent constraints on the cloud physical structure. At the same time, if the physical conditions of a certain cloud or dense core have been determined with other methods, the observations of the above-mentioned species could be used to compare with model predictions and test the basic assumptions of our chemistry.
In order to test our current understanding of spin-state chemistry of deuterated species, Harju et al. [46] measured the abundances and spin ratios of NH 2 , NHD 2 and ND 3 toward a well-known starless core in the Ophiuchus Molecular Cloud, HMM1. These observations found large D-fractions, with NH 2 D/NH 3 0.4, NHD 2 /NH 2 D 0.2 and ND 3 /NHD 2 0.06, which can be roughly (within a factor of less than 2) reproduced by the chemical model after 3 × 10 5 yr. However, the model predicts too low ortho-to-para-NH 2 D ratios and too large ortho-to-para-NHD 2 ratios, which are measured to be close to their corresponding nuclear spin statistical weights. This disagreement between model predictions and observations indicates that our basic assumption of complete scrambling may not be correct. Indeed, Le Gal et al. [47] recently performed an observational and theoretical study of H 2 Cl + , finding that its major formation reaction (HCl + + H 2 → H 2 Cl + + H) produces this ion via a hydrogen abstraction rather than a scrambling mechanism. Inspired by these recent findings, we modified our model to eliminate the full scrambling assumption from Sipilä et al. [37] model and include instead the proton hop mechanism. The new model is applied to proton-donation reactions only. The results of this new work are presented in the next section and will be fully described in Sipilä et al. [48] .
Scrambling or proton hop?
Before trying to answer the question of this section, we review the basic assumptions behind the full scrambling and proton hop mechanisms. Full-scrambling branching ratios are calculated as follows. We consider that reactions proceed through an intermediate complex, which constitutes a pool of atoms from which the atoms are drawn one by one, and the rate coefficient is constructed by multiplying together simple probabilities. For example, in the reaction NH 3 ). There is only one way to form NH + 4 (probability (1/15)), and so the probability to form NH 2 D + 2 is (6/15). The proton hop mechanism instead assumes that the donating ion simply loses one of its atoms, and the reaction as a whole does not go through an intermediate complex-at least as far as the branching ratio calculation is concerned. Therefore, the probability to form NH 3 D + in NH 3 + D 2 H + is simply (2/3), for example. We obtain in general fewer formation pathways when assuming a proton/deuteron hop instead of full scrambling. Figure 2 illustrates the situation.
We note that these approaches to calculating the branching ratios are extremely simplistic, and are based purely on probabilistic considerations. They neglect, for example, any zero-point energy effects that come into play when introducing different counts of hydrogen or deuterium in the reactions. Nevertheless, we decided to test if proton hop, instead of full scrambling, could improve the agreement between model predictions and the observations of Harju et al. [46] , described in §2. With this aim, we run two different chemical models of the same molecular cloud core, with physical structure given by Keto et al. [49] 1 : one assuming full scrambling, based on Sipilä et al. [37] , and one assuming proton hop, based on Sipilä et al. [48] . be considered for the comparison with observations toward the core centre. The first thing to note is that significant differences are present between scrambling and proton-hop models in the case of NH 3 isotopologues, while the H + 3 isotopologues are not affected by the mechanism change. In particular, (1) the deuteration ratios within the central few thousand astronomical units predicted by the proton-hop model are in very good agreement with the observed values ( 0.4, 0.2 and 0.06 for NH 2 D/NH 3 , NHD 2 /NH 2 D and ND 3 /NHD 2 , respectively; see §2); (2) the ortho-to-para ratios of NH 2 D and NHD 2 are also in better agreement with observations, with the first one increasing and the second one decreasing, as required by the analysis of Harju et al. [46] . Although a proper line radiative transfer analysis needs to be carried out to quantify the agreement between model predictions and observations, overall we can conclude that proton hop appears to be a better representation of nuclear spin-state chemistry, in agreement with the conclusion of Le Gal et al. [47] .
As a final note, it is important to point out that Hily-Blant et al. [51] , considering the observational uncertainties, found satisfactory agreement between the observed spin and deuteration ratios and those predicted by their combined dynamical and chemical model where full scrambling was assumed. However, the full scrambling mechanism, which depends on the lifetime and the structure of the reaction complex can also be questioned on theoretical grounds. Currently, we are missing theoretical and experimental data which could be used to decide if it is the proton hop or the full scrambling scenario which better describes the formation of interstellar ammonia and its deuterated isotopologues. 
Conclusion
H + 3 and its deuterated forms are crucial ingredients in the chemical structure and evolution of dense cloud cores on the verge of star formation and of protostellar envelopes. They affect the abundance and deuteration ratio of important tracers of dense and cold material, such as NH 3 and N 2 H + . Therefore, comprehensive chemical models, inclusive of deuterium and nuclear spinstate chemistry, are needed to interpret observations and also to test basic assumptions behind the theory. Here we have reviewed theoretical and observational work on spin chemistry toward dense clouds cores and young protostars, showing that a combination of ground-based (such as APEX and IRAM) and space-borne (SOFIA) telescopes can provide detailed information about cloud ages and the (unobservable-in-cold-clouds) ortho-to-para H 2 ratio, which strongly affects deuterium fractionation. From the comparison between model predictions and NH 3 isotopologue observations toward a cold and quiescent dense core, we arrived at the conclusion that the basic assumption of full scrambling, adopted in our comprehensive chemical models inclusive of deuteron and nuclear-spin chemistry, may not be correct. To test this point, we built new chemical models of dense cloud cores, presented here for the first time, where full scrambling has been substituted by the proton hop mechanism, and compared the full scrambling with the protonhop models as well as with observational results. The main result is that indeed the proton-hop mechanism better reproduces the observations of NH 3 isotopologues and their different nuclear spin symmetry states, although more experimental and theoretical work is needed to arrive at a definitive conclusion. In the future, with the use of our radiative transfer code, model line profiles will be simulated and compared with the observed spectra, to test our models further and start finally to use our predictions to constrain the physical and chemical structure of star forming dense clouds, the first steps toward stellar systems like our own.
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